INTRODUCTION {#SEC1}
============

Cells continuously encounter genotoxic stress that causes numerous DNA lesions on a daily basis ([@B1]). Among these lesions, DNA double-strand break (DSB) is one of the most deleterious types of lesions that need to be precisely repaired. Even if one DSB is not repaired, it will cause genomic instability and may induce tumorigenesis ([@B2]).

During evolution, cells have developed a sophisticated system to detect and repair DSB efficiently. Although DSB repair pathways have been well studied over the past few decades, the majority of such studies mainly focused on DNA metabolism at the sites of DSB. Notably, in eukaryotes, in addition to genomic DNA, a large number of proteins, such as nucleosomal histones, play important roles in DNA damage repair ([@B3]). Interestingly, by blocking the direct access to genomic DNA, histones act as barriers for transcription or replication machineries and therefore need to be efficiently removed from transcription and replication sites ([@B4]). Similarly, DNA damage repair machinery also needs direct access to the damaged DNA and the existence of nucleosomal histones at DNA lesions could be a barrier for successful repair of DSB. Thus, histones need to be evicted from DNA lesions for DSB damage repair ([@B5],[@B6]). However, the underlying molecular mechanism of histone removal at DNA lesions remains elusive.

During the transcription and replication, signatory posttranslational modifications occur on histones ([@B7]), which are recognized by other functional partners as well as by chaperones for subsequent removal or deposition of histones ([@B8]). To date, numerous histone modifications have been identified to regulate transcription and replication ([@B7],[@B11],[@B12]). However, only a few of them have been implicated in DNA damage repair ([@B13],[@B14]). One prominent histone modification that is linked to DNA damage repair is phosphorylation ([@B15]). In response to DSBs, histone H2AX, a variant of canonical H2A, is phosphorylated by a group of PI3-like kinases including ATM, ATR, and DNA-PK ([@B16]). Phosphorylation of H2AX occurs on Ser139, which serves as a platform to assemble and stabilize a group of DNA damage repair factors at the vicinity of DSBs before releasing them to broken DNA ends for repair ([@B19]). In addition to phospho-H2AX (aka γH2AX), H2A is also ubiquitinated at Lys13 and Lys15 following DSBs ([@B20],[@B21]). It has been shown that a number of ubiquitin E3 ligases, such as RNF8 and RNF168, mediate DSB-induced H2A ubiquitination (ubH2A) ([@B22]). These ubiquitination events are downstream of H2AX phosphorylation as these E3 ligases including RNF8 and RNF168 are recruited to DSBs via γH2AX ([@B23]). Moreover, similar to γH2AX, ubH2A mediates the recruitment of DNA damage response factors to the vicinity of DSBs ([@B22]). Current evidence also supports histone H1 as the likely substrate of ubiquitination ([@B24]).

In addition to γH2AX and ubH2A, histones are also poly(ADP-ribosyl)ated at multiple sites by poly(ADP-ribose) polymerases (PARPs) in response to both single-stranded breaks (SSBs) and DSBs mediated DNA damage ([@B25]). Poly(ADP-ribosyl)ation (PARylation) is a unique posttranslational modification, occurring within seconds following DNA damage ([@B31],[@B32]). It mediates early and fast recruitments of a number of DNA damage response factors to DNA lesions. As PARP1, the founding member of PARP family enzymes, is very abundant in nucleus, it is likely to serve as a key sensor to detect DNA lesions ([@B33]). This early and fast modification is also quickly digested by dePARylating enzymes such as PARG ([@B34]), so that DNA repair machinery will be able to access the broken DNA ends. Similar to other known histone modifications, PARylation regulates chromatin status ([@B35]). In its unique chemical structure, each ADP-ribose molecule contains two phosphate moieties that bring huge amount of negative charges to PAR chain. These negative charges may relax chromatin at DNA lesions by repelling adjacent negatively charged DNA molecules ([@B36],[@B37]). Moreover, chromatin remodelers such as ALC1 are able to recognize PARylation at DNA lesions for chromatin remodeling in response to DNA damage ([@B38],[@B39]). However, it still remains elusive if PARylation directly mediates histone removal at DNA lesions. Here, we have set up an inducible DSB system to characterize histone eviction at a single DSB site and revealed a PARylation-dependent pathway that mediates the recruitment of chaperones for histone removal at DNA lesions.

MATERIALS AND METHODS {#SEC2}
=====================

Generation of an inducible DSB system {#SEC2-1}
-------------------------------------

To introduce an I-SceI recognitionand cutting site in the X chromosome,long (∼5 kb) and short (∼3 kb) arms of from the X chromosome were amplified by PCR and inserted into the pKO-neo plasmid. The construct was then transfected in to HCT116 cells. Positive clones were selected by G418 selection. The cells from the single clone were further amplified and subjected to Southern blot for validation. The cells were then infected with a lent viral vector expressing I-SceI with a GRtag and the expression of I-SceI-GR was controlled by a tet-on promoter. The cells were then treated with doxycycline (1 μg/μl) to induce the expression of I-SceI-GR. At last, cells were treated with triamcinoloneacetonide (0.1 μM) to induce the translocation of I-SceI-GR from cytoplasm to nucleus to generate a single DSB.

Cell culture, transfection and laser micro-irradiation {#SEC2-2}
------------------------------------------------------

HCT-116 and U2OS cell lines were used in this study. These cells were cultured in DMEM supplemented with 10% heat-inactivated fetal calf serum and 1% penicillin (100 U/ml)/streptomycin (100 μg/ml) and incubated with 5% CO~2~ at 37°C in moist condition. Cells were transfected with the plasmids and siRNA using Lipofectamine 2000 (Invitrogen, USA) according to the manufacturer\'s instructions. The sequences used for knock down were as follows: PARP1: GAGGAAGGUAUCAACAAAU; CAF1: GCACAGUCAUCAUUGAUUU; SSRP1: GCCAUGUCUACAAGUAUGA; ASF1A: CCGCAGGAAGGCAUAUGUUUGUA; RNF8: UGCGGAGUAUGAAUAUGAA; SPT16: GGCGGAAAGGAGAAGAUGA; Lig 4: GAACCACAAAGAUGUCACA; BRCA2: GAGGUGGAUCCUGAUAUGU; DAXX: GCCAGAGGAAGCAGUAGUU; and ANP32E: GGCUAAUGUGGAACUAAGU. For relocation kinetics analysis, we adopted laser microirradiation to generate DNA damage in cells. U2OS cells were transfected with GFP-tagged histone chaperones (ANP32B, ANP32E, ASF1A, ASF1B, CAF1, DAXX,SSRP1, SPT16, HIRA, RBBP7 and NASP) and then cultured on 35 mm glass-bottom dishes (MatTek Corporation). Laser micro-irradiation was performed using an inverted fluorescence microscope with the Micropoint Laser Illumination and Ablation System (Photonic Instruments).High energy UV laser (170 mJ at 10 Hz) was generated and focused on the nucleus through the light path of the microscope to yield DNA damage.

Reagents {#SEC2-3}
--------

The following inhibitors used in this study were purchased from Selleckchem: ATM inhibitor (KU60019), ATR inhibitor (VE822), DNA-PK inhibitor (NU7441) and PARP inhibitor (Olaparib). Antibodies against H2B (17--10054), H3.3 (MABE872), H3 (06-755), H4 (05-858), H2A.X (ABE1960) and H2A.Z (ABE1348) were purchased from Millipore.

Plasmid construction and lentivirus package {#SEC2-4}
-------------------------------------------

For the construction of theI-SceI-GR expressing vector, I-SceI-GR fragment amplified from the I-SceI-GR expressing vector (17654, Addgene) was inserted into pCW tet-on plasmid for lentivirus package. For lentivirus production, 293T cells were cultured in 10-cm dishes and 60% confluent cells then transfected with pCW-I-SceI-GR, pMD2g and psPAX2 plasmids. After 40 hours of incubation, the packaged virus-containing medium was harvested for subsequent use.

Extraction of cytoplasmic and nuclear proteins {#SEC2-5}
----------------------------------------------

Cells were resuspended in 1 ml of ice-cold PBS and then centrifuged at2000 rpm for 5 min at 4°C. After removing all supernatant, 6 volumes of cytoplasm extraction buffer (10 mM HEPES pH 7.5; 40 mM KCl; 2 mM MgCl~2~; 10% glycerol;1 mM NaPPi; 1 mM NaVO~4~; 1 mM NaF; 1 mM PMSF) was added to the pellet. Cells were crushed 25--30 times on ice and centrifuged at 2000 rpm for 5 min to collect the nuclei. The supernatant was then transferred to a new tube and centrifuged at 14 000 rpm for 15 min to collect the supernatant (cytoplasmic extract) for further analysis. To harvest nuclear fraction, 3 ml of 0.35 M sucrose buffer was added into 14 ml round bottom centrifuge tube. The nuclei pellet was resuspended in 5 volumes of 0.25 M sucrose buffer and then centrifuge tube was tilted to carefully remove the resuspended pellet in a layer over the 0.35 M sucrose buffer to clean the pellet. The tube was again centrifuged at 1500 g for 5 min at 4°C and supernatant was discarded. The pellet was finally re-suspended in buffer (10 mM HEPES pH 7.5; 500 mM NaCl; 1% Triton-X100;10% glycerol; 1 mM NaPPi; 1 mM NaVO~4~; 1 mM NaF; 1 mM PMSF) and vortexed for 15 min at 4°C followed by centrifugation at 14 000 rpm for 10 min and final, the supernatant was obtained a nuclear extract for further analysis.

Immunofluorescence and DNA FISH {#SEC2-6}
-------------------------------

Cells were treated with TA at the indicated incubation time, washed with PBS, fixed by 4% paraformaldehyde for 20 min and then permeabilized with 0.5% Triton X-100 for 10 min at room temperature. Following blocking with 5% goat serum and PBS washing, cells were incubated overnight in the primary antibody at 4°C. After completion of primary antibody incubation period cells were washed and incubated with FITC-conjugated secondary antibody for 1 h at room temperature in the dark. And then nuclei were counterstained with DAPI for 5 min followed by the addition of anti-fade mounting medium and finally cells, results were analyzed by using a fluorescence microscope. For the generation of DNA FISH probe, about 1-kilo base pairs downstream of I-the SceIsite were amplified by PCR and purified. PCR products were then subjected to biotin labeling according to the protocolof a nick translation kit (18247-015, Invitrogen). Following the IF steps, cells were post fixed with fresh 3% PFA for 10 min at room temperature after incubation with the corresponding secondary antibodies. Cells were washed twice in 2× SSC for 5 min and permeabilized in freshly made 0.1 M HCl/0.7% Triton for 10 min on ice. Cells were washed twice in 2× SSC for 5 min again and denatured in 50% formamide/2× SSC (pH 7.2) for 30 min at 80°C.Samples were washed by ice-cold 2× SSC for three times and hybridized with denatured probe overnight at 42°C. After four times of the wash and block,cells were incubated with fluorescently labeled streptavidin in blocking buffer for 40 min at room temperature. Finally, samples were stained with DAPI and observed using an inverted fluorescence microscope.

Chromatin immunoprecipitation (ChIP) and qPCR {#SEC2-7}
---------------------------------------------

For each group, 1 × 10^6^ cells were cultured in one dish for each group. Added 37% formaldehyde to the medium and the final concentration is 1%. Cells were incubated at room temperature for 10 min and then the unreacted formaldehyde was quenched by adding 10× glycine to the medium at a final concentration of 125 mM for 5 min. The Medium was then discarded and washed with cold PBS twice. 1 ml ice-cold PBS containing protease inhibitor cocktail was added to the dishes and cells were scraped from each dish into a tube. Cells were pelleted by centrifuge and supernatant was removed. Cells were resuspended in 0.5 ml of SDS lysis buffer containing protease inhibitor cocktail. Cells were then sonicated on ice by using QSONICA sonicator for 10 min. The output of power is 30%. The sheared DNA was from 200 to 1000 bp based on this condition. The solution was then subjected to centrifuge at 12 000 g at 4°C for 10 min to remove insoluble material. 100 μl sheared DNA was moved to a new tube and mixed with 900 μl dilution buffer. 60 μl of protein G agarose beads were added to the solution and incubated for 1 h at 4°C with rotation. The beads were then collected at 3000--5000 × g for 1 min. Remove 10 μl of the supernatant was removed from the solution as input and stored at −20°C. The supernatant was moved to a new tube and incubated with immunoprecipitating antibody or irrelevant IgG at 4°C for overnight. 60 μl of protein G agarose beads were added to the solution for 1 h at 4°C with rotation. Beads were collected and sequentially washed twice with low salt buffer, high salt buffer, LiCl wash buffer and TE buffer. Beads were washed with each buffer twice. Then beads were incubated with 200 μl elution buffer at room temperature for 30 min. Supernatant and the stored input were added with 8 μl of 5 M NaCl and incubated at 65°C overnight to reverse the DNA--protein crosslink. 1 μl of RNase A was added to the supernatant and incubated for 30 min at 37°C. The supernatant was added with 4 μl of 0.5 M EDTA, 8 μl of 1 M Tris--HCl and 1 μl proteinase K and incubated at 45°C for 2 h to remove the proteins. The DNA was then purified following phenol: chloroform extraction and precipitation with 0.1 volume of 3 M sodium acetate, 1 μl glycogen and 2 volumes 100% EtOH. The purified DNA was eluted in 50 μl TE buffer and stored at −20°C. The immunoprecipitated DNA samples were analyzed by qPCR with primers listed in [Supplemental Table 1](#sup1){ref-type="supplementary-material"}. Primers for qPCR were designed based on the official nucleotide sequences from the NCBI database. Primer 3 online software was used to design the primers. CFX Connect™ Real-Time System (Bio-Rad) was used for qPCR amplification. The qPCR reactions were performed by 15 μl of 1:1 diluted iTaq™ Universal SYBR^®^ Green Supermix (Bio-Rad) with three technical replicates. The cycling conditions were as follows: initial heat activation 95°C for 3 min, \[95°C for 10 s, 55°C for 20 s\] (40 cycles), and post-run melt-curve analysis was used to check amplicon purity. For the analysis of ChIP data on relative histone enrichment at the inducible DSB, the Ct value of each antibody group was subtracted from the Ct value of the correspondent IgG group. Then the ΔCt was calculated to fold enrichment. The results were normalized by untreated cells at each locus. For other ChIP analyses, we used the percent input method to estimate the quantity of enriched DNA ([@B40],[@B41]) and included the IgG control as a dash line in each histogram.

Quantification of relative DSBs in I-SceI-GR system {#SEC2-8}
---------------------------------------------------

We used q*PCR* assays to quantify the DSBs induced by I-SceI-GR. Paired primers used to amplify a DNA fragment are across the I-SceI site. If the site is digested by the I-SceI-GR, the primers cannot amplify the DNA fragment. The amplification of control groups (without TA treatment) was set as one, and the abundance of DSBs induced by I-SceI is calculated as a percentage compared to the control group. In addition, P7 primers amplified a fragment 16 kb downstream of the I-SceI site, which was used as an internal reference control for qPCR.

Southern blot {#SEC2-9}
-------------

Genomic DNA of the model cells was isolated using a kit (Invitrogen, USA) for genomic DNA extraction. The genomic DNA was digested with SpeI overnight at 37°C and was subjected to agarose electrophoresis in a 0.7% agarose gel. Then, the DNA was transferred from the gel to the membrane. For the hybridization of the probes, the probes were labeled with ^32^P. One probe is targeting 500 bp upstream of the stop codon of the neo resistance gene, and the other probe is targeting the area of 500 bp which is 600 bp upstream of the second SpeI site (Chr X 102744527). After five times of stringent wash, the membrane was subjected to autoradiography.

Western blot {#SEC2-10}
------------

Cells were exposed to the indicated experimental conditions and time points before lysis using the SDS lysis buffer. The protein concentration was determined by the Bio-Rad protein assay kit (Bio-Rad, USA). The samples were then subjected to electrophoresis and transferred to the PVDF membrane followed by blocking in 5% milk in TBST buffer and then probed with indicated antibodies. The blots were visualized using an enhanced chemiluminescence detection system (Amersham, USA) and β-actin was used as a loading control.

Immunoprecipitation and dot blotting {#SEC2-11}
------------------------------------

U2OS cells were lysed with NETN-100 buffer (50 mM Tris--HCl pH 8.0, 100 mM NaCl, 2 mM EDTA, 0.5% Nonidet P-40) on ice for 30 min. Soluble fractions were subjected to immunoprecipitation and dot blotting and probed with anti-PAR antibody (Trevigen). For detecting histone PARylation, cells were lysed with 0.5% SDS and the lysates were diluted to 0.1% SDS for immunoprecipitation with anti-histone antibodies. The samples were subjected to dot blotting assay using anti-PAR antibody. To validate the recognition of SSRP1 to PARylated histone, cells were lysed with NETN-100 buffer and the lysates were immunoprecipitated with anti-SSRP1 or anti-FLAG antibodies. The immunoprecipitated proteins were eluted from the beads by 0.5% SDS and diluted to 0.1% SDS for the second round of immunoprecipitation with the anti-PAR antibody and blotting with anti-H2B antibody.

Statistical analysis {#SEC2-12}
--------------------

Data are represented as mean ± standard deviation (SD) obtained from three independent experiments. The significance of differences was evaluated by Student\'s *t*-test. \*Statistically significant (*P* \< 0.05). \*\*Statistically significant (*P* \< 0.01).

RESULTS {#SEC3}
=======

An inducible DSB in human genome {#SEC3-1}
--------------------------------

To examine the removal of histone barrier at DNA lesions, we established an inducible DSB system using HCT116, a diploid colon cancer cell line with wild type p53. HCT116 was derived from a male patient, thus has one X chromosome and one Y chromosome. Using conventional gene-targeting approach, we inserted one *I-SceI* site into the intergenic region in the long arm of the X chromosome with flanking genes transcribed actively (Figure [1A](#F1){ref-type="fig"}). With Southern blot, we confirmed that only one *I-SceI* site was inserted into the targeted region of genomic DNA ([Supplemental Figure S1A](#sup1){ref-type="supplementary-material"}). Next, we generated a plasmid construct encoding I-SecI fused with an N-terminal HA tag and a C-terminal glucocorticoid receptor (GR). The expression of the fusion protein is controlled by Doxycycline (Dox) induction system where cells express the inserted protein only after Dox treatment (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}, [Supplemental Figure S1B](#sup1){ref-type="supplementary-material"}). Because of the cytoplasmic nature of GR, the expressed fused protein was sequestered exclusively in the cytoplasm. However, when we treated cells with synthetic GR ligand triamcinolone acetonide (TA), it was recognized by GR and induced the relocation of HA-I-SceI-GR from the cytoplasm to the nucleus within 20 min. I-SceI is an endonuclease in the mitochondria of *S. cerevisiae* recognizing specific 18-nt sequence, which does not exist in the human genome. Of note, we inserted single copy of *I-SceI* site into the only X chromosome present in the male diploid cells to ensure the generation of a single DSB site. Thus, following the TA treatment, I-SceI generated only one DSB in the X chromosome in each cell, and we validated the I-SceI-induced DSB with qPCR. Using genomic DNA as the template, we designed a primer pair complementary to each side of the DSB. With mock treatment, this pair of primers amplified a DNA fragment from the genomic DNA template in a qPCR assay. However, following the TA treatment, with a control set of primers as the internal reference that is 16 kb downstream of the *I-SceI* site, we found that the DSB specifically abolished PCR amplification of DNA regions surrounding the *I-SceI* site (Figure [1D](#F1){ref-type="fig"}). Based on qPCR the results, we quantitatively measured the kinetics of I-SceI-induced DSB, and found that *I-SceI* site in most of the cells are digested within ∼30 min of the TA treatment (Figure [1D](#F1){ref-type="fig"}, [Supplemental Figure S1C](#sup1){ref-type="supplementary-material"}). Moreover, we stained the cells with a DNA FISH probe marking the *I-SceI* site. Since 53BP1 is a surrogate marker of DSB, we examined and found that the *I-SceI* site was positively stained by anti-53BP1 and anti-H2AX antibodies (Figure [1E](#F1){ref-type="fig"}), suggesting that the I-SceI-induced DSB has occurred.

![I-SceI induces a solo DSB in HCT116 cells. (**A**) A schematic diagram shows that an *I-SceI* site is inserted into the X chromosome of HCT116 cells using gene targeting approach. I-SceI is fused with a glucocorticoid receptor (GR) and an HA tag, and the expression of the fusion protein is controlled by Doxycycline (Dox). The relocation of the fusion protein from the cytoplasm to the nucleus is dictated by triamcinolone acetonide (TA) treatment. (**B**) Translocation of I-SceI-GR from cytoplasm to nucleus in response to the TA treatment. The relocation kinetics of I-SceI-GR was measured by immunofluorescence staining staining with anti-HA antibody following TA treatment. The percentage of positive nuclear staining is shown in the histograms. (**C**) Localization of I-SceI-GR was examined by Western blotting with indicated antibodies. GAPDH and Histone 4 (H4) were used as controls of protein loading for cytosol and nuclear fractions, respectively. (**D**) I-SceI-GR induced DSB was examined by qPCR. The primers at the '0' position flank both sides of DSB. The primer set \#7 at 16 kb downstream of the DSB was used as the reference control. (**E**) Upon TA induction, I-SceI-GR induces a DSB in the nucleus. DNA probe was used to map the *I-SceI* site (red dot), which was also stained with anti-γH2AX antibody or anti-MDC1 antibody to indicate the DSB (green dot).](gkaa022fig1){#F1}

Histone removal at vicinity of the I-SceI-induced DSB {#SEC3-2}
-----------------------------------------------------

To examine the histone status during DNA damage repair, we designed 10 sets of primers flanking both sides of the I-SceI-induced DSB from 0 to 16 kb away (Figure [2A](#F2){ref-type="fig"}). Using ChIP assays with anti-H2B and anti-H4 antibodies, we examined the nucleosomal histone status and found that histone removal occurred very quickly at the DSB. Histone removal was observed immediately after the TA treatment and, we found that histone removal has occurred and the kinetics of histone removal was highly similar to that associated with the kinetics of the I-SceI-induced DSB (Figure [2B](#F2){ref-type="fig"}) repair. We also examined the recruitment of Ku70 as a DNA damage marker by ChIP assay, and Ku70 could be rapidly recruited to the I-SceI-induced DSB ([Supplemental Figure S2A](#sup1){ref-type="supplementary-material"}). Similarly, the relative level of γH2AX was clearly increased at the vicinity of the I-SceI-induced DSB as well ([Supplemental Figure S2B](#sup1){ref-type="supplementary-material"}). Moreover, we found that nucleosomal histone was evicted up to the 4 kb away from the DSB (Figure [2C](#F2){ref-type="fig"}) in both directions. In addition to canonical histones, histone variants are involved in DSB repair. The typical example is H2AX, a variant of H2A. In response to DSB, H2AX is phosphorylated by PI-3 like kinases, including ATM, ATR, and DNAPK, at Ser139. The phosphorylated H2AX (aka H2AX) provides the platform to anchor DNA damage repair factors to repair DNA lesions ([@B19]). Thus, we examined the status of H2AX at the I-SceI-induced DSB. Consistent with earlier studies ([@B42],[@B43]), we found that H2AX was removed from the center of DSB with a kinetics and range similar to other canonical histones, suggesting that H2AX does not exist at the center of DSB and may only mediate the recruitment of DSB repair factors to the vicinity of DSBs (Figure [2D](#F2){ref-type="fig"}) ([@B44]). In addition, we also examined the removal of H2A.Z and H3.3. And again, in agreement with the earlier studies ([@B45],[@B46]), we found the eviction of these histone variants from the I-SceI-induced DSB similar to canonical histones, suggesting that all histone species are evicted quickly and non-specifically at DSBs (Figure [2D](#F2){ref-type="fig"}). To evaluate the impact of cell cycle on histone removal, we synchronized the cells at G1/S boundary using double thymidine block-release and examined the removal of histone H2B and H4 with ChIP assay. The results show that histone removal occurred in both G1 and S phase cells, suggesting that cell cycle during the interphase has a little impact on histone removal at the DSB ([Supplemental Figure S3](#sup1){ref-type="supplementary-material"}). In addition, we treated cells with Lig4 siRNA or BRCA2 siRNA to suppress either NHEJ or HR, or used MRE11 inhibitor to suppress DSB end resection ([@B47]). However, we did not find obvious suppression of histone removal ([Supplemental Figure S4](#sup1){ref-type="supplementary-material"}). These indicate that histone removal is not directly regulated by NHEJ, HR or DNA end resection.

![Histone eviction at vicinity of I-SceI-induced DSB. (**A**) A schematic diagram shows the positions of primer sets for ChIP assays with respect to DSB site. The sequences of the primers used in this study were listed in [Supplemental Table 1](#sup1){ref-type="supplementary-material"}. (**B**) Removal of nucleosomal histones at the vicinity of I-SceI-induced DSB. The histones H2B and H4 eviction was examined by ChIP assays with anti-H2B or anti-H4 antibodies and qPCR with different sets of primers. The results were analyzed and shown as mean ± SD. (**C**) Relative enrichment of H2B and H4 are summarized in the histograms. Data were shown as mean ± SD. \* *P \<* 0.05, \*\* *P \<* 0.01. (**D**) Removal of histones H2AX, H3.3 and H2AZ at the DSB. ChIP assays were carried out with anti-H2AX, anti-H3.3 and anti-H2AZ antibodies for the histone removal analyses. The results were analyzed and shown as mean ± SD.](gkaa022fig2){#F2}

Poly(ADP-ribosyl)ation facilitates the early phase histone removal at the DSB {#SEC3-3}
-----------------------------------------------------------------------------

Next, we explored the regulation mechanism of histone removal at DNA lesions. Since histones are modified at N-terminal or C-terminal tails by posttranslational modifications including poly(ADP-ribosyl)ation, phosphorylation and ubiquitination in response to DNA damage, we examined if these posttranslational modifications regulates histone removal at the I-SceI-induced DSB. We treated the cells with PARP inhibitor olaparib to suppress poly(ADP-ribosyl)ation. Interestingly, we found that olaparib treatment transiently delayed histone removal at the I-SceI-induced DSB (Figure [3A](#F3){ref-type="fig"}). Moreover, we knocked down PARP1 using siRNA or overexpressing PARG to suppress endogenous PARylation, and obtained similar results (Figure [3A](#F3){ref-type="fig"}, [Supplemental Figure S5](#sup1){ref-type="supplementary-material"}, and [Supplemental Figure S6](#sup1){ref-type="supplementary-material"}), suggesting that poly(ADP-ribosyl)ation plays an important role in the early phase histone removal at DNA lesions.

![PARP inhibition delays histone removal at the I-SceI-induced DSB. (**A**) The impact of PARylation in histone removal at the I-SceI-induced DSB. The cells were treated with or without 1 μM olaparib or PARP1 siRNA. The histone removal was examined by ChIP assays with anti-histone H3 antibody. The qPCR assays were performed with primer set \#1 and \#5 (shown as P1 and P5 in [Supplemental Table 1](#sup1){ref-type="supplementary-material"}) at indicated time points. The results of qPCR from P1 were summarized in the histogram and shown as mean ± SD (right panel) (\**P \<* 0.05; \*\* *P \<* 0.01). (**B**) The effect of PI-3 like kinase-mediated phosphorylation on histone removal at the I-SceI-induced DSB. The histone removal was examined by ChIP assays following cells were treated with or without ATM inhibitor (ATMi, 5 μM KU60019), ATR inhibitor (ATRi, 1 μM VE822) or DNA-PK inhibitor (DNA-PKi, 1 μM NU7441). Results were analyzed and shown as mean ± SD. (**C**) The impact of ubiquitination on histone removal at the I-SceI-induced DSB. The cells treated with or without RNF8 siRNA were used for assessing histone removal by ChIP assays. Relative enrichment was shown as mean ± SD.](gkaa022fig3){#F3}

Since ATM, ATR and DNA-PK catalyze histone phosphorylation in response to DNA damage, we treated cells with specific inhibitors to individually suppress the enzymatic activities of ATM, ATR and DNA-PK. We found that these inhibitors treatment did not delay the histone removal kinetics, but slightly impaired overall histone removal (Figure [3B](#F3){ref-type="fig"} and [Supplemental Figure S5](#sup1){ref-type="supplementary-material"}). Earlier studies have shown that histone phosphorylations, especially γH2AX governs histone ubiquitination in response to DSBs. Since DNA damage-induced histone ubiquitination is mainly regulated by ubiquitin E3 ligase RNF8 ([@B50],[@B51]), we knocked down RNF8 by siRNA ([Supplemental Figure S5](#sup1){ref-type="supplementary-material"}) and found that lacking RNF8, similar to the inhibition of PI-3 like kinases, knocking down RNF8 slightly suppressed the overall histone removal but did not affect the removal kinetics (Figure [3C](#F3){ref-type="fig"}).

Moreover, it has been reported that other histone modifications including acetylation and methylation may also be enriched at the vicinity of DNA lesions. Here, we examined these histone modifications at the I-SceI-induced DSB but did not observe their enrichment ([Supplemental Figure S7](#sup1){ref-type="supplementary-material"}). Collectively, these results show that poly(ADP-ribosyl)ation regulates the early phase histone removal at DNA lesions.

Histone chaperones mediate histone removal at DNA lesions {#SEC3-4}
---------------------------------------------------------

Next, we further explored the molecular mechanism underlying histone removal at DNA lesions. Since histone removal and deposition are mediated by histone chaperones, we examined which histone chaperone(s) may participate in DNA damage repair. We separately expressed GFP tagged histone chaperones, including ANP32B, ANP32E, ASF1A, ASF1B, CAF1, DAXX, the FACT complex (including SSRP1 and SPT16), HIRA, Rbap46, and sNASP, in U2OS cells and exposed them to laser microirradiation. Among these histone chaperones, only ASF1A, CAF1 and the FACT complex reached to DNA lesions (Figure [4A](#F4){ref-type="fig"}), suggesting that these histone chaperones may be involved in DNA damage repair. Among these three chaperones, only the FACT complex is able to quickly relocate to DNA lesions (Figure [4A](#F4){ref-type="fig"}), suggesting that the FACT complex may participate in the early phase DNA damage response. Next, we knocked down each chaperone by siRNA ([Supplemental Figure S8](#sup1){ref-type="supplementary-material"}) and examined histone removal at the I-SceI-induced DSB site. Consistent with the relocation kinetics to DNA lesions, only loss of the FACT complex impaired early phase histone removal (Figure [4B](#F4){ref-type="fig"} and [Supplemental Figure S9A](#sup1){ref-type="supplementary-material"}), suggesting that the FACT complex may be the histone chaperone for early phase histone removal. Moreover, we observed epistasis on histone removal following co-depletion of SSRP1 and PARP1 ([Supplemental Figure S9B](#sup1){ref-type="supplementary-material"}).

![Histone chaperones are recruited to DNA lesions. (**A**) The relocation kinetics of SSRP1, SPT16, ASF1A, and CAF1 to DNA lesions. GFP tagged histone chaperones were expressed in U2OS cells. The relocation was monitored in a time course following laser microirradiation. The relative EGFP intensity is shown as mean ± SD. (**B**) Loss of the FACT complex impairs histone removal from the DSB. The histone chaperone SSRP1 knockdown cells were harvested following I-SceI-induced DSB and subjected to ChIP assay using anti-H2A, anti-H2B, anti-H3 or anti-H4 antibodies. The samples were examined by qPCR with primer set \#1 and \#5 to examine histone removal. Relative enrichment of histones at the DSB was shown in the graphs. \*\**P* \< 0.01.](gkaa022fig4){#F4}

Since some histone variants are not as abundant as the canonical histones, their chaperones may not be easily detected at DNA lesions using laser microirradiation. Thus, we further used the inducible DSB system to examine the potential recruitment of those chaperones. Interestingly, we found that ANP32E and DAXX could be mildly enriched at DNA lesions ([Supplemental Figure S10A](#sup1){ref-type="supplementary-material"}). However, like ASF1A and CAF1, loss of either ANP32E or DAXX did not affect early phase histone removal ([Supplemental Figure S10B](#sup1){ref-type="supplementary-material"}).

The FACT complex recognizes histone PARylation at DNA lesions {#SEC3-5}
-------------------------------------------------------------

Since both PARylation and the FACT complex regulate early phase histone removal at DNA lesions, we dissected the functional correlation between PARylation and the FACT complex during DNA damage response ([@B52]). The human FACT complex contains two subunits SPT16 and SSRP1 ([@B53]). In the laser microirradiation assays, we found that both SPT16 and SSRP1 were quickly recruited to DNA lesions (Figure [4A](#F4){ref-type="fig"}). Interestingly, when cells were treated with olaparib to suppress PARylation, the recruitment of SPT16 and SSRP1 were suppressed (Figure [5A](#F5){ref-type="fig"}), suggesting that the FACT complex recognizes PARylation signals at DNA lesions. We also used the inducible DSB system to examine the recruitment of SSRP1 and found that the recruitment of SSRP1 was clearly suppressed following PARP inhibitor treatment ([Supplemental Figure S11](#sup1){ref-type="supplementary-material"}).

![The FACT complex recognizes PARylation at DNA lesions. (**A**) The FACT complex recognizes PARylation at DNA lesions. U2OS cells expressing GFP-SSRP1 or GFP-SPT16 were pretreated with or without 1 μM olaparib for 2 hours, followed by laser microirradiation. The relocation kinetics of GFP-tagged SSRP1 and SPT16 were monitored in a time course. Results were shown as mean ± SD. (**B**) SSRP1 mediates the recruitment of the FACT complex to DNA lesions. The DD mutants of SSRP1 and SPT16 with an N-terminal GFP tag were expressed in U2OS cells. The recruitment kinetics was examined. (**C**) Mapping the domain of SSRP1 that recognizes PARylation. GFP-SSRP1 with deletion of the MD domain (MD) or the C-terminal region (CTR) was expressed in U2OS cells. The recruitment kinetics was examined. (**D**) Histones are PARylated following DNA damage. 293T cells were treated with or without 1 mM MMS. Damage-induced histone PARylation was examined with indicated antibodies. (**E**) SSRP1 recognizes PARylated histones. 293T cells were treated with 1 mM MMS in the presence or absence of olaparib (1 μM). SSRP1-associated PARylated histones were analyzed with sequential IP with anti-SSRP1 and anti-PAR antibodies and Western blot with anti-histone antibodies (left panel). Immunoprecipitation assays were carried out with anti-SSRP1 antibody and analyzed by Western blot with anti-histone antibodies (right panel). (**F**) The C-terminal region (CTR) of SSRP1recognizes PARylated histones. Full-length SSRP1 and the CTR mutant were expressed in 293T cells. Cell lysates were examined by IP and Western blot with indicated antibodies. The input of H2B was used as a protein loading control. (**G**) The C-terminal region (CTR) of SSRP1 is a PAR-binding motif. Recombinant GST tagged SSRP1 and its mutants were generated from *E. coli* and incubated with PAR. PAR was detected by dot blotting with the anti-PAR antibody. (**H**) The CTR of SSRP1 mediates histone removal. The cells were treated with SSRP1 siRNA and simultaneously expressing siRNA-resistant full-length SSPR1 or CTR. Histone removal was examined by ChIP assays with anti-H2B or anti-H3 antibody.](gkaa022fig5){#F5}

SPT16 contains an N-terminal domain (NTD), a dimerization domain (DD), a middle domain (MD) and a C-terminal domain (CTD), whereas SSRP1 has an N-terminal dimerization domain (DD), a middle domain (MD) and a C-terminal region (CTR) ([@B53]). SPT16 forms a heterodimer with SSRP1 via the interactions between the DD of each protein. Next, we generated the internal DD domain deletion mutants (ΔDD) in either SPT16 or SSRP1 to abolish the complex formation ([Supplemental Figure S12A](#sup1){ref-type="supplementary-material"}), and expressed the mutants in U2OS cells ([Supplemental Figure S13](#sup1){ref-type="supplementary-material"} and [Supplemental Figure S12B](#sup1){ref-type="supplementary-material"}). With laser microirradiation, we found that lacking the interaction region in SSRP1 did not affect the recruitment, whereas the ΔDD mutant of SPT16 abolished its relocation to DNA lesions (Figure [5B](#F5){ref-type="fig"}), suggesting that it is SSRP1 that mediates the whole complex to DNA lesions. We also used siRNA to knockdown SSRP1 and expressed siRNA-resistant SSRP1 or the ΔDD mutant of SSRP1 in the cells, and found that the full-length SSRP1 but not the ΔDD mutant rescued the recruitment of SPT16 to the laser strip ([Supplemental Figure S12B](#sup1){ref-type="supplementary-material"}). To identify the PARylation recognition region(s) in SSRP1, we deleted each domain of SSRP1 and found that lacking the CTR of SSRP1 abolished for the recruitment (Figure [5C](#F5){ref-type="fig"})

Moreover, we treated 293T cells with MMS to induce global DNA damage response. In agreement with earlier studies ([@B26],[@B54]), histones were PARylated (Figure [5D](#F5){ref-type="fig"}), and recognized by wild type SSRP1 (Figure [5E](#F5){ref-type="fig"}), but not by the CTR mutant (Figure [5F](#F5){ref-type="fig"}). Moreover, PARylated histones such as H2B were still part of nucleosome or at least in the histone dimer form ([Supplemental Figure S14](#sup1){ref-type="supplementary-material"}). We also generated recombinant full length SSRP1, the CTR, and CTR mutant proteins. With an in vitro binding assay, we found that the CTR could directly bind to PAR (Figure [5G](#F5){ref-type="fig"}). These results suggest that ADP-ribosylation facilitates the recognition of histones by CTR of SSRP1 following DNA damage.

Finally, we expressed full-length SSRP1 or the CTR mutant in SSRP1 knocked down cells, and found that only the full length SSRP1 but not the CTR mutant restored the early phase histone eviction at the I-SceI-induced DSB site (Figure [5H](#F5){ref-type="fig"}). Moreover, we replaced the CTR with the WWE motif of RNF146, another PAR-binding motif. This chimera was able to relocate to DNA lesions and mediates early phase histone removal ([Supplemental Figure S15](#sup1){ref-type="supplementary-material"}). In addition, we also performed laser microirradation assay to validate the role of SSRP1 and PARylation on histone removal at DNA lesions. Following SSRP1 siRNA, PARP1 deficient cell or PARP inhibitor treatment, the removal of histone H2B was remarkably suppressed, indicating that both SSRP1 and PARylation facilitate the removal of histones at DNA lesions during early DNA damage response ([Supplemental Figure S16](#sup1){ref-type="supplementary-material"}) ([@B55]). We also examined the role of SSRP1-mediated histone removal in DNA damage repair. Using GFP reporter assays, we found that the CTR of SSRP1 plays an important role in both NHEJ and HR ([Supplemental Figure S17](#sup1){ref-type="supplementary-material"})

Taken together, these results suggest that SSRP1 recognizes histone PARylation and mediates early phase histone eviction at DNA lesions (Figure [6](#F6){ref-type="fig"}).

![A schematic diagram to depict that the FACT complex recognizes PARylation and mediates histone removal. Following DNA damage, histones are PARylated and recognized by histone chaperone the FACT complex for their removal, which facilitates DNA repair processing.](gkaa022fig6){#F6}

DISCUSSION {#SEC4}
==========

In this study, we symmetrically examined histone removal at DNA lesions, which is an important step prior to their successful repair. Histones are a barrier for the repair DNA lesions as they may occupy the sites of DNA damage and block the access of damage site for repair factors. Thus, eviction of histones at DNA lesions occur extremely fast so that lesions can be timely repaired. In our study, we found that the kinetics of histone removal is almost identical to that of DSB induction. Moreover, we have shown that the removal of histones extends up to a few kb away from the sites of DNA damage. It is consistent with earlier studies on DSB repair ([@B6]). Since the histone removal is not regulated by cell cycle or different DSB repair mechanisms, it is possible that it regulates the high order of the chromatin architecture and indirectly facilitates DSB repair. In addition, we found that H2AX was also removed from the center of DSB, although H2AX is a surrogate marker of DSB. In fact, our results are in agreement with early studies using high-resolution fluorescence staining showing that H2AX only localizes on the peripheral of the DSB response region instead of the repair center ([@B56]). Thus, like other canonical histones, H2AX is also removed from the sites of DNA lesions for DSB repair to occur.

Moreover, we have shown that PARylation regulates early phase histone eviction. PARylation represents the first wave of the signal generated at DNA lesions, and histones are major PARylation substrates in response to DNA damage ([@B37]). The early phase histone removal mediated by PARylation may ensure proper DNA damage repair. It has been shown that PARP inhibitor treatment impairs timely DNA damage repair ([@B57]). One of the underlying mechanisms could be due to the delay in histone removal by PARP inhibitor treatment. PARylation sites on histones have been mapped and all the canonical histones are PARylated in response to DNA damage ([@B27],[@B29],[@B30]). Since there are quite a few sites of PARylation on histones, it is very likely that these modifications are interchangeable and play a redundant role in histone removal. Since PARylation itself brings a huge amount of negative charges to the chromatin, it may repel negatively charged DNA and facilitate histone removal ([@B36],[@B58]). However, the release of histones from the chromatin needs histone chaperones. Here, we identified the FACT complex as the histone chaperone that recognizes their PARylation as an early signal for histone removal at DNA lesions. In the FACT complex, the CTR of SSRP1 interacts with PARylated histones. It has been reported that the CTR of SSRP1 facilitates the FACT complex to bind to nucleosome ([@B53]). Here, we provide evidence that the CTR specifically recognizes PARylated histones. With the known structure of ortholog of SSRP1, we performed structure modeling and reveal a possible PAR-binding site in the CTR ([Supplemental Figure S18](#sup1){ref-type="supplementary-material"}). However, the binding details should be further examined by structural analysis. Of note, the FACT complex also recognizes unmodified H2A/H2B dimer or H3/H4 dimer. Thus, ADP-ribosylation on histone is not essential for the interaction between the FACT complex and nucleosomal histones (Figure [5E](#F5){ref-type="fig"}). It only facilitates the histone eviction at the early phase of DNA damage response. Nevertheless, our results clearly demonstrate a pathway of histone removal at the sites of DNA damage (Figure [6](#F6){ref-type="fig"}). In addition to the FACT complex, other histone chaperones are also relocated to DNA lesions, but not mediated by PARylation. Thus, it is possible that PARylation only mediates early phase histone eviction, and other mechanisms mediate PARylation-independent histone eviction. Some of the chaperones (e.g. ANP32E) have been shown to mediate histone removal at DNA lesions ([@B46],[@B59]). Moreover, other non-canonical histone chaperones (e.g. APLF, Swi/Snf, Ino80, and NURD) have been revealed over the past 20 years ([@B60]), and some of them (e.g. APLF) can even recognize PARylation at DNA lesions ([@B64]). Thus, it is possible that these histone chaperones function together with the FACT complex to remove histones at DNA lesions.

In addition to PARylation, DNA damage-induced phosphorylation and ubiquitination also regulate histone removal ([@B6]). However, different from PARylation, phosphorylation and ubiquitination do not significantly affect the kinetics of histone removal rather slightly impair overall histone removal. Since ATM, ATR, and DNA-PK may have a redundant role in DNA damage response, it is possible that suppression of each enzyme may not allow us to observe obvious defects on histone removal. Similarly, in addition to RNF8, other ubiquitin E3 ligases may compensate for the loss of RNF8 and facilitate histone removal at DNA lesions ([@B51]). Compared to PARylation, both phosphorylation and ubiquitination occur at the later stage of DNA damage response. Thus, it is possible that phosphorylation and ubiquitination may collaborate with PARylation for mediating histone eviction. In particular, suppression of PARylation only transiently delay the histone removal, suggesting that other signals may compensate for the loss of PARylation and activate histone removal. Since histones can be phosphorylated and ubiquitinated in response to DNA damage, specific histone chaperones may recognize these modified histones for their release from the sites of DNA damage ([@B65],[@B66]). Future analysis of phosphorylation and ubiquitination at DNA lesions may reveal other histone removal pathways.

In addition to histone removal, some histones variants are also enriched at DNA lesions ([@B67],[@B68]). However, it is not contradicted with our observation. In our system, we examined the early phase histone eviction during the initial damage response. We found that all the histones were removed at the sites of DNA damage, suggesting that most histones at DNA damage sites could be barriers for DSB repair. Meanwhile, specific histone variants such as H3.3 and H2A.Z may promote DSB repair ([@B67],[@B68]). However, these histone variants are not the major histone species. Thus, it is possible that all the histones have to be removed non-specifically in the first step. Then, the specific histone species can be selectively deposited at DNA lesions to facilitate DSB repair in the next step. If canonical histones are not removed in the beginning, it is difficult for the enrichment of those specific histone variants at DNA lesions in the later stage.
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